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The chromosome alignment is mediated by polar ejection and poleward forces acting on the chromosome 
arm and kinetochores, respectively. Although components of the motile machinery such as chromokinesin 
have been characterized, their dynamics within the spindle is poorly understood. Here we show that a 
quantum dot (Qdot) binding up to four Xenopus chromokinesin (Xkid) molecules behaved like a nanosize 
chromosome arm in the meiotic spindle, which is self-organized in cytoplasmic egg extracts. Xkid-Qdots 
travelled long distances along microtubules by changing several tracks, resulting in their accumulation 
toward and distribution around the metaphase plate. The analysis indicated that the direction of motion and 
velocity depend on the distribution of microtubule polarity within the spindle. Thus, this mechanism is 
governed by chromokinesin motors, which is dependent on symmetrical microtubule orientation that may 
allow chromosomes to maintain their position around the spindle equator until correct microtubule- 
kinetochore attachment is established. 

The maintenance of chromosome alignment at the spindle equator during metaphase is an important step in 
precise chromosome segregation 1,2 . Recently, several works provided models of chromosomal alignment 
during meiosis/mitosis by showing that chromosomes move to and stay around the periphery of spindle 
equator (prometaphase-belt or chromosome ring) before bi-orientation 3,4 . It was known that the plus-end- 
directed motors, chromokinesins, which attach primarily to chromosome arms, contribute to the lateral sliding 
of chromosomes toward the equatorial belt 5,6 . In the kinetochores, another plus-end-directed kinetochore motor, 
CENP-E, plays an essential role in the alignment of chromosomes 7 . Although these studies show how chromo- 
somes reach the equator and reach bi-orientation, the question of how chromosomes keep their position at the 
equator without either polar ejection or poleward forces until the bi-orientation is established remains poorly 
understood. 

Chromokinesins such as kinesin-4 and Kid/kinesin-10 participate in cell division by regulating meiosis, 
chromosome behaviour, spindle assembly, and regulation of microtubule density 813 . A recent study defined 
the individual roles of kinesin-4 and Kid/kinesin-10 during chromosome alignment in the human mitotic 
spindle 14 ; kinesin-4 suppresses and Kid/kinesin-10 enhances the polar ejection force. In the Xenopus meiotic 
spindle, the molecular motor Xkid/kinesin- 10 directs chromosomes to the plus end of microtubules and therefore 
plays a crucial role in aligning chromosomes 15,16 . Although in vitro experiments identify Kid as a molecular 
motor 1719 , how its movement contributes to chromosome alignment has not been characterized within an intact 
spindle comprising a bipolar array of microtubules. Using self-organized meiotic metaphase spindles in Xenopus 
egg extracts, we determined how Xkid brings and maintains the chromosome arm at the metaphase plate within 
the meiotic spindle, depending on the distribution of polarity and length of microtubules. 

Results 

Xkid-Qdots traverse long distances towards the spindle equator. A cDNA comprising full-length Xkid fused to 
green fluorescent protein (GFP) (Xkid-GFP-FL) was used to generate Xkid-GFP-FL protein using coupled in 
vitro transcription-translation in Xenopus egg extracts (Supplementary Fig. S 1 a-c). We could then distinguish the 
localization of Xkid-GFP from that of endogenous Xkid in an extract containing meiotic spindles. Xkid-GFP-FL 
was clearly visible on chromosomes in a metaphase spindle (Fig. la). This localization depended on the Xkid C- 
terminal DNA-binding domain, because truncation of this domain (Xkid-GFP-ADB) broadly distributed over 



SCIENTIFIC REPORTS | 3 : 2808 | DOI: 1 0. 1 038/srep02808 



1 



the microtubules throughout the spindles (Supplementary Fig. Id). 
These findings are consistent with the localization of Xkid in 
Xenopus oocytes 12 and human KID in a somatic cell 20 . To assess 
the effect of motor activity, we confirmed that an ATPase-deficient 
mutant harbouring a T125N mutation (Xkid-GFP-FL-T125N) 
interfered with the chromosome alignment in meiotic spindles in 
the presence of endogenous Xkid (Fig. la). This phenotype is very 
similar to that of spindles assembled in Xkid-depleted extracts 15 . In 
contrast, Xkid-GFP-ADB-T125N did not induce chromosome 
misalignment (Supplementary Fig. Sid). These results demonstrate 
that full-length Xkid-GFP aligns chromosomes to microtubules 
using the energy generated by ATP hydrolysis. 

We next assessed the dynamics of Xkid within the spindle (average 
spindle length was 44.8 ± 1.6 urn (mean ± s.e.m., n = 9 spindles)). A 
number of factors made this analysis very difficult as follows: (i) 
fluorescence detection of single molecules of GFP in a thick spindle 
is prevented because of high fluorescence background, and (ii) Xkid- 
GFP-FL accumulates on chromosomes, so that fluorescence of mole- 
cules on the microtubules is relatively diminished (Fig. la). To 
overcome these difficulties, we performed confocal fluorescence 
imaging using an anti-GFP antibody bound to Qdots, which bind 
as many as four Xkid-GFP-FL molecules. By adding Xkid-GFP-FL 
bound to antibody-conjugated Qdots to extracts immediately before 
starting time-lapse imaging (Supplementary Fig. Sib), we success- 
fully detected the motion of Xkid within an intact spindle 
(Supplementary Video SI). Xkid-Qdots were observed on chromo- 
somes as well as on microtubules (Fig. lb, arrows). Kid is a non- 
processive motor, but multiple Kid molecules can work as an 
ensemble to exert their functional roles on microtubules 1819 . In the 
absence of Xkid-GFP-FL, antibody- conjugated Qdots did not detect- 
ably bind microtubules nor move processively along the spindle 
(Supplementary Video S2). The present results show that an Xkid- 
Qdot representing an Xkid complex moved bidirectionally along the 
pole-to-pole axis and finally reached the chromosomal region. 
Although Xkid-Qdots often passed the spindle equator without 
binding to a chromosome, they behaved like a chromosome within 
the meiotic spindle by switching to the opposite direction (Fig. lb, c). 



The motility of Xkid-Qdots was analysed by tracking the position 
within a spindle (Figs, lc and 2a). Xkid-Qdots moved on the micro- 
tubules and paused or switched direction (Fig. 2b), implying that 
Xkid-Qdots changed several tracks of microtubules aligned parallel 
or antiparallel. Thus, the maximum total run length was approxi- 
mately 17 um for 180 s, which is approximately equal to the distance 
between the spindle pole and the metaphase plate in a Xenopus 
meiotic spindle. By fitting the total run-length distribution to a single 
exponential, the average distance over which an Xkid-Qdot traverses 
continuously on the microtubules was about 5.3 urn with an average 
lifetime of 35 s (Fig. 2c and Supplementary Table SI). However, 
some Qdots deviated from the focal plane on their way to the meta- 
phase plate. These results suggest that the run length and the lifetime 
of Xkid-Qdots were underestimated. 

To analyse the directional movement of Xkid-Qdots, we defined 
three directions of movement (Fig. 2a; see Methods for details) as 
follows: towards the spindle equator (equator mode), towards the 
spindle pole (pole mode), and indistinguishable (E-P mode). 
Average velocities (mean ± s.e.m. nm s -1 ) of Xkid-Qdots as deter- 
mined from a single Gaussian fit of the instantaneous velocity dis- 
tributions (Fig. 2d), were 136 ± 1 nm s" 1 in the equator mode, 125 ± 
1 nm s -1 in the pole mode and 92 ± 2 nm s _1 in the E-P mode, 
respectively (Supplementary Table SI). The velocities in the equator 
and pole modes were consistent with that of Kid measured in vitro 1 " 9 
(140-160 nm s -1 ) and faster than that of microtubule flux 21 
(approximately 43 nm s _1 ). The average run length during dir- 
ectional movement was 1-2 urn, but Xkid-Qdots moved longer dis- 
tances in the equator mode than that in the pole mode (Fig. 2e and 
Supplementary Fig. Sle). Further, the lifetimes (average = 10-17 s) 
tended to be similar; that is, Xkid-Qdots in the equator mode dwelled 
on the microtubules for longer times than those in the pole mode 
(Fig. 2e and Supplementary Fig. Slf). The Xenopus meiotic spindle is 
composed of short microtubules (2-15 um) 22 . The average run 
length of Xkid-Qdots in the equator mode (2.32 ± 0.18 um (mean 
± s.e.m.)) was not significantly different from the average length of 
microtubules, of which plus ends direct to the metaphase plate and 
exist between a spindle pole and an equator 22 . These results suggest 
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Figure 1 | Analysis of Xkid-Qdot movement within the meiotic spindle, (a) Localization of Xkid-GFP-FL and Xkid-GFP-FL-T125N in the metaphase 
spindle in self-organized in Xenopus egg extracts. The Xkid constructs are shown in green. TMR- bovine brain tubulin and 4',6-diamidino-2- 
phenylindole (DAPI) were added to visualize microtubules (red) and DNA (blue), respectively. Scale bar represents 10 um. (b) Localization and motion 
of Xkid-Qdots (green or yellow, when merged with red) in the spindle. Arrows indicate Xkid-Qdots moving on the spindle microtubules (red). The right 
panel shows a kymograph of Xkid-Qdots motion along the pole-to-pole axis of the spindle depicted on the left panels. Scale bars represent 10 um and 
100 s. (c) Trajectories of Xkid-Qdots in the spindle. Open circles indicate the initial position of trajectory. 
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Figure 2 | Xkid-Qdots traverse long distances towards the spindle equator, (a) Schematic of the analysis of Xkid-Qdot motion. Xkid-Qdot motion was 
categorized into the three modes, Equator (E), Pole (P) and E-P, by the direction of movement along the pole-to-pole axis of spindle, and was analysed by 
calculating instantaneous velocity, run length, and lifetime in each mode, total run length, and total lifetime in each Qdot (see Methods) . (b) Time course 
of the motion of Xkid-Qdots along the pole-to-pole axis of the spindle (n = 2 Qdots; red, equator mode; blue, pole mode; green, E-P mode), 
(c) Histograms of total run lengths and lifetimes for Xkid-Qdots (n = 9 spindles, 170 Qdots). The indicated average total run length (I) and average total 
lifetime ( f) were determined by fitting the data to single exponentials excluding the first bin. (d) Histograms of instantaneous velocity for Xkid-Qdots in 
each mode fitted to a single Gaussian distribution (n = 9 spindles, 170 Qdots). (e) Average instantaneous velocity, run length and lifetime for Xkid-Qdots 
in each mode obtained by Gaussian or exponential fitting (mean ± s.e.m., data are shown in Supplementary Table SI, see also (d) and Supplementary 
Fig. Sle, f). Asterisks indicate the result of t- and the Mann-Whitney [/tests (p < 0.05). 



that Xkid-Qdot traverse the full length of microtubules until the plus- 
end tip and then translocate to another. 

The motion and direction of movement of Xkid-Qdots depend on 
the position in the spindle along the pole-to-pole axis. To 

investigate the relationship between Xkid motility and spatial 
distribution of microtubules, the regional variation of Xkid-Qdot 
motility within the spindle was analysed along the spindle pole-to- 
pole axis (Fig. 3 and Supplementary Fig. S2a-d). Within a spindle, 
Xkid-Qdots, which were detected as a single fluorescent spot, 
mostly resided near the metaphase plate (Fig. 3a). The number 
of Xkid-Qdots possessing a DNA-binding domain decreased in 
the chromosomal region, because we could not detect an 
individual Qdot walking on the microtubules within a central 
region to which numerous chromosome-bound Qdots localized 
(Fig. lb). Note that Xkid-GFP-ADB-Qdots were frequent 
around the spindle equator where chromosomes were located 



(Supplementary Fig. S2e,f). These results imply that the 
accumulation of multiple Xkid-Qdots in the metaphase plate is 
related neither to its DNA-binding domain nor to its binding 
target, the chromosome. 

We asked why Xkid-Qdots move to and remain at the spindle 
equator. The direction that Xkid-Qdots moved depended on the 
region within the spindle along the pole-to-pole axis (Fig. 3b). The 
probability of the equator mode increased near the spindle pole, 
whereas there was no difference between the equator and pole modes 
near the metaphase plate. Xkid-Qdots moved towards the equator 
faster near the spindle pole than around the metaphase plate (Fig. 3c, 
Supplementary Fig. S3a and Table S2). In contrast, the velocity of the 
pole mode gradually decreased as Xkid-Qdots approached the 
spindle pole, and the run length and lifetime tended to decrease near 
the pole (Fig. 3d, Supplementary Fig. S3b,c and Table S2). Thus, the 
instantaneous velocity, run length, and lifetime depended on both 
the spindle region and the direction of movement. 
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Figure 3 | The motion and direction of movement of Xkid-Qdots depend on the position in the spindle along the pole-to-pole axis. Spatial distribution 
of Xkid-Qdots and their motion along the pole-to-pole axis, (a) Histogram of the spatial distribution of Xkid-Qdots at each time point (red, equator 
mode; blue, pole mode; green, E-P mode) (n = 9 spindles, 170 Qdots, 5,234 time points) and DNA distribution along the pole-to-pole axis 
(mean ± s.e.m.; blue, n = 7 spindles) as a function of the distance from equator (AU). (b) Spatial distribution of the mode of motion along the 
pole-to-pole axis (red, equator mode; blue, pole mode; green, E-P mode) shown in (a). Each region represents at least 100 time points, (c) Spatial 
distribution of the instantaneous velocity along the pole-to-pole axis (mean ± s.e.m.; red, equator mode; blue, pole mode; green, E-P mode). Data with 
statistical significance (p) are shown in Supplementary Table S2, see also Supplementary Fig. S3a. (d) Spatial distribution of the run length and lifetime 
along the pole-to-pole axis (mean ± s.e.m.; red, equator mode; blue, pole mode; green, E-P mode). Data are shown in Supplementary Table S2, 
see also Supplementary Fig. S3b, c. 



Previous research on the distributions of microtubule polarity and 
length in the Xenopus meiotic spindle 22,23 shows that the plus ends of 
microtubules direct either towards an equator or equally to a pole 
around the metaphase plate; however, approximately 70% of micro- 
tubules, among those located 10 um away from the pole, direct to an 
equator. The regional variation in the direction of motion of Xkid- 
Qdots coincided with the distribution of the polarity of microtubules 
aligned in the spindle. Thus, approximately 83% of Xkid-Qdots, 
which were located 10 urn away from the pole, moved to an equator. 
Therefore, near the equator, Xkid-Qdots, which have multiple bind- 
ing sites on microtubules, might interact more frequently with the 
antiparallel microtubules than moving to the equator, causing the 
decrease in velocity of the equator mode (Fig. 3c). In contrast, micro- 
tubules are shorter near spindle poles and longer away from them. In 
addition to the effect of the plus-end distribution, the abundant short 
microtubules near the pole could increase the frequency of changing 
the tracks of the Xkid-Qdots, causing the run length and lifetime to 
decrease (Fig. 3d). Thus, the probability of moving in a particular 
direction at a certain velocity likely reflects the distribution of the 
length and the polarity of microtubules within the spindle, suggesting 
that the dynamic behaviours of Xkid-Qdots are determined by the 
structure of the microtubule. 

Xkid-Qdots accumulate towards the plus ends of microtubules in 
the spindle-like microtubule structure. To assess the effect of the 
distribution of microtubule polarity, Xkid-Qdot motility was probed 
in a monopolar microtubule structure prepared by adding 
monastrol, an inhibitor of kinesin Eg5. Approximately 80% of 
microtubules direct outward from the spindle pole 22 (Fig. 4a and 
Supplementary Video S3). In agreement with the distribution of 
microtubule polarity, the proportion of Xkid-Qdots moving 
outward from the pole (outward mode) was much larger than that 
moving to the pole (pole mode) throughout this monopolar structure 
(Fig. 4b, c). When Xkid-Qdots moved and reached the tip of astral 
structure, they moved back and forth and/or likely stuck to the tip 
(O-P mode). Although the instantaneous velocity, run length and 



lifetime were slightly smaller than those in a bipolar spindle 
(Supplementary Fig. S4a-c), these results demonstrate that the 
directional bias of the motion of Xkid-Qdots is enhanced by the 
controlled microtubule polarity. 

When two monopolar structures were occasionally located 
nearby, a spindle-like bipolar structure was assembled (Fig. 4d and 
Supplementary Video S4). The distribution of microtubule polarity 
was maintained, so that the microtubules derived from each aster 
slightly crossed only at the boundary (Supplementary Fig. S4d and 
Supplementary Video S5). The outward mode increased far from the 
boundary (Fig. 4e, f), in accordance with the monopolar structure. At 
the boundary region, the proportion of the outward mode decreased 
and became nearly equal to that of the pole mode, and the proportion 
of O-P mode was the largest (Fig. 4f). As a result, Xkid-Qdots char- 
acteristically distributed at the boundary (Fig. 4d). Further, in a 
tripolar structure resembling an abnormal spindle, Xkid-Qdots accu- 
mulated at the boundaries between asters (Supplementary Fig. S4e 
and Supplementary Video S6). In the spindle-like structures, the 
crosslinking of microtubules is weak because of the inhibition of 
kinesin Eg5 function 24 . Therefore, the overlap length between the 
bidirectional microtubules was shorter, and the spacing between 
them might have been larger than that in the normal spindle 
(Supplementary Videos S4-S6). Thus, Xkid-Qdots more frequently 
reached the plus ends of microtubules and could change their tracks, 
indicating that the O-P mode may have increased with the decrease 
in run length and lifetime (Supplementary Fig. S4f-h). 

Discussion 

In meiosis and mitosis, the spatial positioning of chromosomes 
around the spindle equator is important for facilitating the bipolar 
attachment of the kinetochores to the microtubules 3-4,7 . The process 
governing how chromosomes congress on the equator and achieve 
the bidirectional attachment of kinetochore-microtubules has been 
extensively studied. In contrast, an intermediate process that main- 
tains chromosome position around the spindle equator before estab- 
lishing stable attachment is not well characterized 5,25,26 . Although 
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Figure 4 | Xkid-Qdots accumulate towards the plus ends of microtubules in the spindle-like microtubule structure. The monopolar microtubule 
structure ((a)-(c), n = 12 spindles, 569 Qdots, 12,362 time points) and the spindle-like bipolar structure ((d)-(f), n = 1 spindle, 518 Qdots, 13,792 time 
points) were formed in the presence of 200 uM monastrol. (a) Localization and motion of Xkid-Qdots (green) in the monopolar microtubule structure 
(red). The right panel shows a kymograph of Xkid-Qdot motion in a region depicted in the left panel (white dashed box) along the white arrow, 
(b) Histogram of spatial distribution of Xkid-Qdots in the monopolar microtubule structure for each time point from the pole to outward (red, outward 
mode; blue, pole mode; green, O-P mode), (c) Spatial distribution of the mode of motion in the monopolar microtubule structure from the pole to 
outward (red, outward mode; blue, pole mode; green, O-P mode). Each region represents at least 100 time points, (d) Localization and movement of 
Xkid-Qdots (green) in the spindle-like bipolar assembly of a pair of monopolar microtubule structures (red) . The right panel shows a kymograph of Xkid- 
Qdots in a region depicted in the left panel (white dashed box) along the white arrow, (e) Histogram of spatial distribution of Xkid-Qdots in the spindle- 
like bipolar structure at each time point along the axis perpendicular to the blue dashed line in the left panel of (d) (red, outward mode; blue, pole mode; 
green, O-P mode), (f) Spatial distribution of the mode of motion in the spindle-like bipolar structure along the axis perpendicular to the blue dashed line 
in the left panel of (d) (red, outward mode; blue, pole mode; green, O-P mode). Each region represents at least 100 time points, (g) Schematic showing 
Xkid-Qdot motion along the spindle's symmetrically ordered microtubule structure. Xkid-Qdot movement along the spindle is indicated by yellow 
circles, and their size represents the probability of each directional movement. Dashed and solid lines represent the proportion of polarity and average 
length of microtubules derived from each spindle pole (red and blue), respectively. Scale bars in (a) and (d) represent 10 urn and 100 s. 



multiple Xkid molecules bound to Qdot might form an oligomer 
and/or change molecular properties, the Xkid-Qdots described here 
mimic a nanosize chromosome arm, meaning that only the polar 
ejection force is responsible for the observed behaviours 27 . The pro- 
cessive behaviours of Xkid-Qdots looked similar to the motions of 
chromosome arms, such as the congression to and positioning 
around the spindle equator. The Xenopus meiotic spindle forms a 
"prometaphase belt" as observed in mouse oocytes (Supplementary 
Fig. S4i) 3 . This positioning of chromosomes before the formation of 
metaphase plate may require a chromokinesin-mediated mech- 
anism 3,4 . Our present results demonstrate that chromokinesins serve 
as one of the components of the machinery required for chromosome 
positioning, enabling the chromosomes to maintain their position at 
the spindle equator without the kinetochore machinery during the 
transition from prometaphase to metaphase. 



Our present results (summarized in Fig. 4g) suggest that the accu- 
mulation of chromokinesins is facilitated by the overlap of micro- 
tubules with equally distributed polarity at the spindle equator 22 . 
Thus, the micromechanical architecture of meiotic/mitotic spindle 
itself, which is coupled to molecular motors (kinesins, cytoplasmic 
dynein) and microtubule-associated proteins, may contribute to effi- 
cient chromosome alignment 25,28 30 . In conclusion, the symmetrically 
ordered structure of microtubules functions as a field for the molecu- 
lar motors to transport the spindle components efficiently and con- 
tinuously to their final destinations. 

Methods 

Spindle assembly in Xenopus egg extracts. Xenopus egg extracts were prepared as 
described previously 31 . Meiotic spindles were self-organized in the extracts with the 
addition of demembranated Xenopus sperm nuclei and tetramethylrhodamine 
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(TMR) (Sigma- Aldrich)-labelled tubulin (20 jig ml - ') 32 - To form astral structures 
consisting of an assembly of radially symmetric microtubules, the kinesin Eg5 
inhibitor Monastrol ( Sigma- Aldrich) was added (200 uM) to the extract during 
spindle assembly. All experiments were carried out at 20°C ± 2°C. Recombinant EB1 
was labelled with Alexa Fluor® 488 and added (10 ug ml -1 ) to the extract for imaging 
of the microtubule plus ends (Supplementary Fig. S4d and Video S5). 

Preparation of Xkid-Qdots. A plasmid containing full-length Xkid-GFP (Xkid- 
GFP-FL) used for in vitro mRNA synthesis 16 was a gift from H. Funabiki (Rockefeller 
University). Xkid-GFP lacking the Xkid DNA-binding domain (Xkid-GFP-ADB, 
amino acid residues 1-504) and T125N mutants were generated using PCR 
mutagenesis (TOYOBO). The mRNAs encoding Xkid-GFPs were synthesized using 
the mMessage mMachine SP6 Kit (Ambion) 33 . In vi tro -transcribed mRNA (0.1 mg 
ml -1 ) was mixed with extract and incubated for 3 h. The extract containing expressed 
Xkid-GFP proteins (10% v/v) was mixed with the spindle-assembled extract 30 min 
before fixation for the localization analysis. 

To prepare Xkid-Qdots for time-lapse fluorescence experiments, conjugation of 
anti-GFP antibody (Roche) to Qdots was performed using a Qdot 655 Antibody 
Conjugation Kit (Invitrogen). Antibody- conjugated Qdots (20-40 nM) and the 
extract containing Xkid-GFP proteins (—2% v/v) were added to the extract con- 
taining meiotic spindles immediately prior to making an observation chamber 
(Supplementary Fig. Sib). Expression of all constructs was determined by Western 
blot analysis using anti-GFP antibody (Roche) (Supplementary Fig. Sic), which is 
identical to that conjugated to Qdots for the imaging experiments. 

Microscopy and live imaging. For localization of Xkid-GFP, meiotic spindles 
(Fig. la and Supplementary Fig. Sid) were fixed in 4% formaldehyde as previously 
described 31 , and images were acquired using an upright microscope visible light (Axio 
Imager, Carl Zeiss) equipped with a 40 X objective (0.75 NA, Carl Zeiss) and a camera 
(AxioCam MRm, Carl Zeiss). For time-lapse fluorescence experiments, the egg 
extract containing meiotic spindles was transferred to a siliconized coverslip (custom 
ordered, Matsunami Glass) coated with Pluronic F-127 as described previously 34 . The 
fluorescence images of microtubules and Xkid-Qdots were acquired using an electron 
multiplying charge -coupled device (EM-CCD) camera (iXon EM+, Andor 
Technology) attached to an inverted microscope (IX 71, Olympus) with a 60X 
PlanSApo objective (1.35 NA, Olympus) and confocal scanner unit (CSU10, 
Yokogawa). Time-lapse images were acquired at 2 s intervals using Andor iQ 
software (Andor Technology). 

Qdot track and motion analysis. ImageJ software (http://rsb.info.nih.gov/ij/) was 
used to determine the position of the spindle pole from the fluorescence image of 
TMR- tubulin. DNA distribution was determined from the binarized fluorescence 
image of Qdots attached to DNA. The positions of the Qdots were detected and 
tracked using the G-Track software (G-Angstrom) or a Particle Track and Analysis 
plugin for ImageJ. The motion of the Qdot was analysed using custom Microsoft 
Excel macros. 

For normal bipolar spindles, (x^, y f %), the position of a Qdot at time t = tk, was 
defined by the pole-to-pole axis (x-axis) (x — 0 at the equator), and the axis per- 
pendicular to the x-axis (y-axis; y = 0 crossing x-axis at x = 0). For monopolar 
microtubule structures, the origin of coordinates was defined by the position of the 
pole. For spindle-like bipolar structures, which were formed by the overlap of two 
monopolar structures, the y-axis was defined as the boundary of two asters (Fig. 4d, 
blue dashed line) and its perpendicular axis (x axis) (x — 0 at the boundary). 
Instantaneous velocity (Ins. Vel.) was defined as 



length and lifetime were defined as 

Run length(f fc - t k+l ) = yj (x tk+! -x lk ) 2 + {y lk+i -y t kf 



Ins.Vel.(rjfc) = 



-x t k) +(ytk+2-ytk) 

2t 



where x represents the time interval of the image acquisition (t = t k+l 
Instantaneous direction (Ins. Dir.) was defined as 

(Equator when |£flt+2| — |#ffc| <0 
i Pole when |X(fc+2| — \xtk\ >0 



Ins.Dir.(f k ) = 



in the case of normal bipolar spindle, 



Ins.Dir.(ffc) = 



Outward when y (x lk+2 ) 2 + iytk+if - y (x t k) 2 + iytk) 2 > 0 

Pole when yj {x lk+2 f + (ytk+if - y (xaf + (ytkf > o 

in the monopolar microtubule structure, and 
' Outward wh 

. Pole when |x^ +2 | — \x tk \ >0 



( Outward when |xffc+2| — \xtk\ <0 
Ins. Dir. (ft) = < 
v J [1 



in the spindle-like bipolar structure. The direction of Qdot (Dir. (tk)) was defined as 
Ins. Dir. (t k ) when the equation, 

Ins. Dir. (f*) — Ins.Dir.(ffc+i) — Ins.Dir.(^ +2 ) 

was fulfilled. When the above equation was not fulfilled, the direction of Qdot was 
defined as E-P (O-P) (Dir. (t k ) = E-P (O-P)). In the present study, the direction of 
motion of Xkid-Qdots was defined not by Ins. Dir. but by Dir. When 
Dir.(fe_i)*Dir.(fc) = Dir.(f*+i) = ■■■ =Dir.(r fc+/ ) ^Dir.(r fc+ / + i) (/>l),run 



and 



Lifetime^* - t k+t ) =t M - t k , 



respectively. Total run length and total lifetime were calculated by adding together the 
run length and lifetime in the trajectory of the same Qdot, respectively. 

The statistical significance of the experimental data was determined using an 
unpaired two-tailed Student's f-test for instantaneous velocity and the Mann- 
Whitney [/test for run length and lifetime with a significance level of 0.05 calculated 
using Origin 8.1 software (Originlab). 
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